Transition metal dichalcogenides in the class MX 2 (M ¼ Mo, W; X ¼ S, Se) have been identified as direct-gap semiconductors in the monolayer limit. Here, we examine light emission of monolayer WSe 2 using temperature-dependent photoluminescence and time-resolved photoluminescence spectroscopy. We present experimental evidence for the existence of an optically forbidden dark state of the band-gap exciton that lies tens of meV below the optically bright state. The presence of the dark state is manifest in the strong quenching of light emission observed at reduced temperatures. The experimental findings are consistent with theoretical predictions of spin-polarized conduction and valence bands at the K point of the Brillouin zone, with the minimum gap occurring between bands of opposite electron spin. DOI: 10.1103/PhysRevLett.115.257403 PACS numbers: 78.55.-m, 78.67.-n, 78.47.jd Atomically thin transition metal dichalcogenide (TMDC) crystals have recently attracted great attention because of their distinctive electronic and optical properties. Materials in the family of MX 2 (M ¼ Mo, W; X ¼ S, Se) have been a focus of particular interest because these layered van der Waals semiconductors undergo a transition from an indirect to a direct gap at monolayer thickness and consequently offer the possibility of efficient light emission [1, 2] . These materials also exhibit unusually strong Coulomb interactions as a consequence of their twodimensional (2D) nature and the associated reduction in dielectric screening. This gives rise to anomalously large excitonic effects, with tightly bound excitons at room temperature [3] [4] [5] [6] [7] and the existence of stable higher-order excitonic complexes, such as gate-tunable charged excitons [8] [9] [10] and biexcitons [11] . Optical excitation of these transition metal dichalcogenide monolayers with circularly polarized light has also been demonstrated as a method for directly accessing the valley degree of freedom associated with the degenerate K and K 0 valleys in the Brillouin zone [12] [13] [14] [15] . Taking advantage of these light-matter interactions in monolayer TMDCs, researchers have demonstrated novel optoelectronic effects and have developed model optoelectronic devices [16] [17] [18] [19] . However, despite the direct band-gap character of the TMDCs and the large oscillator strength of the excitonic transitions, quantum efficiencies for light emission remain relatively low. This suggests that fundamental aspects of the light emission process, critical for both basic studies of the material and emerging applications, remain to be understood.
Atomically thin transition metal dichalcogenide (TMDC) crystals have recently attracted great attention because of their distinctive electronic and optical properties. Materials in the family of MX 2 (M ¼ Mo, W; X ¼ S, Se) have been a focus of particular interest because these layered van der Waals semiconductors undergo a transition from an indirect to a direct gap at monolayer thickness and consequently offer the possibility of efficient light emission [1, 2] . These materials also exhibit unusually strong Coulomb interactions as a consequence of their twodimensional (2D) nature and the associated reduction in dielectric screening. This gives rise to anomalously large excitonic effects, with tightly bound excitons at room temperature [3] [4] [5] [6] [7] and the existence of stable higher-order excitonic complexes, such as gate-tunable charged excitons [8] [9] [10] and biexcitons [11] . Optical excitation of these transition metal dichalcogenide monolayers with circularly polarized light has also been demonstrated as a method for directly accessing the valley degree of freedom associated with the degenerate K and K 0 valleys in the Brillouin zone [12] [13] [14] [15] . Taking advantage of these light-matter interactions in monolayer TMDCs, researchers have demonstrated novel optoelectronic effects and have developed model optoelectronic devices [16] [17] [18] [19] . However, despite the direct band-gap character of the TMDCs and the large oscillator strength of the excitonic transitions, quantum efficiencies for light emission remain relatively low. This suggests that fundamental aspects of the light emission process, critical for both basic studies of the material and emerging applications, remain to be understood.
Here, we present experimental evidence for the existence of an optically dark state in monolayer WSe 2 . This state lies below the emissive band-edge (A) exciton by an energy of ∼30 meV. It strongly quenches the light emission from this material, at reduced temperature. These conclusions are based on detailed studies of the temperature-dependent photoluminescence (PL) and time-resolved photoluminescence (TR-PL). We extracted the thermalized population of the bright exciton species by careful analysis of its emission dynamics. The origin of the dark state can be understood in terms of the recently calculated spin splitting of the conduction band, the sign of which varies for different TMDC materials. For monolayer WX 2 (X ¼ S, Se), electrons in the lowest conduction and highest valence band at K=K 0 points are predicted to have antiparallel spins, implying an optically dark state [20] [21] [22] [23] [24] .
In our experiments, we investigated monolayers of WSe 2 (and, for comparison, of MoS 2 ) prepared by mechanical exfoliation of bulk crystals. For supported samples, we used a Si substrate with 285 nm SiO 2 overlayer, while suspended samples were exfoliated directly over etched holes in the same substrate. We also examined samples with variable charge density in a field-effect transistor structure. For this case, we applied a potential between the sample, connected by Ti=Au electrodes formed by e-beam lithography, and the Si substrate. We measured the photoluminescence spectra using a microscope coupled to a spectrometer with a CCD detector. For the TR-PL measurements, we utilized time-correlated single photon counting. A frequency-doubled mode-locked Ti:sapphire laser provided pulsed laser excitation of 100 fs duration and 400 nm wavelength at a repetition rate of 80 MHz. Further experimental details are provided in the Supplemental Material [25] . Throughout the experiment, low excitation fluence (< 1.2 μJ cm −2 ) was used to avoid such phenomena as exciton-exciton annihilation [38] [39] [40] and biexciton formation [11] , which are known to occur at high exciton density.
We first present results of the temperature dependence observed in time-integrated photoluminescence from monolayer WSe 2 . This measurement already indicates the presence of a dark state in this system. For a highquality suspended monolayer, the PL spectrum is dominated over the relevant temperature range by emission from the neutral A (band-edge) exciton [ Fig. 1(a) ], with a weak charged exciton emission feature emerging at low temperature. Figure 1 (b) displays the significant decrease in the A exciton PL intensity observed when cooling from room temperature down to 110 K. The same trend is observed for a gated sample, with a doping level close to charge neutrality (see the Supplemental Material [25] ). The decreasing PL with decreasing temperature suggests that there is a lower-lying dark state that quenches emission from the bright states. Since the trend in the PL is similar for excitation both with near-resonant and higher-energy photons, the possible temperature dependence of the transfer efficiency from the initially excited state to the bandedge exciton states appears to be insignificant under our experimental conditions (see the Supplemental Material [25] ). Similar quenching of the PL intensity with decreasing temperature has been observed in semiconducting single-walled carbon nanotubes [41] [42] [43] and attributed to theoretically predicted [44, 45] lower-lying dark states. By way of comparison, for a MoS 2 monolayer, precisely the opposite trend in the temperature dependence of the PL is observed: we find that the PL intensity of monolayer MoS 2 increases with decreasing temperature, in agreement with previous reports for monolayers MoS 2 and MoSe 2 [46] [47] [48] . This behavior can be understood on the basis of improved exciton-photon coupling associated with a larger fraction of the excitons lying within the radiative cone at reduced temperature [49] . We note that changes in sample temperature induce spectral shifts that slightly modify the absorption of the exciting laser for the PL measurements. Correcting for this effect does not, however, alter the trends just described (see the Supplemental Material [25] for details). A similar trend for the temperature dependence of PL from WSe 2 was also recently reported [47, 48] .
The observed temperature dependence of the timeintegrated PL suggests the presence of a lower-lying dark state in WSe 2 . Such a state would be preferentially populated at low temperature. It would thus reduce the population in the higher-lying bright state and the corresponding PL signal. While it is tempting to analyze the variation in PL intensity directly in terms of the shift in the equilibrium population from the bright to the dark state as a function of temperature, such measurements are, in fact, strongly influenced by other factors. In particular, in addition to the expected variation of the radiative rate with temperature alluded to above, competing nonradiative decay channels could also exhibit a significant temperature dependence. The temperature dependence of these rates will directly affect the observed time-integrated PL intensity. Furthermore, to extract energy differences between the bright and dark states from the measured temperature dependence of the PL also requires that the emission process be governed by equilibrium populations in the different states. This situation will not apply immediately after the creation of excitation in the material.
Below, we make use of TR-PL to address these important issues. Our approach is essentially to measure the initial TR-PL signal, choosing a time after the excitons have thermalized, but before the occurrence of significant population decay through slower nonradiative channels. This initial thermalized TR-PL signal is then directly proportional to the total exciton population in the bright state [50] . It only needs to be corrected for the radiative decay rate, the temperature dependence of which can be modeled by basic considerations of momentum conservation.
The measured TR-PL traces from a suspended monolayer of WSe 2 are shown in Fig. 2(a) for selected temperatures. These data fit well to a rapid exponential decay (< 10 ps), followed by a slower biexponential decay. The underlying decay dynamics for each temperature, after deconvolution of the instrument response function (IRF), are presented in Fig. 2(b) . In our data, we observe for all temperatures one fast and one relatively slow relaxation component for the A exciton emission. At room temperature, the exciton relaxation time is long. With decreasing temperature, while some excitons decay through slower channels (60 ps-1 ns), there is an increasing portion that relaxes on an ultrafast time scale (< 10 ps). Eventually, at low temperature, the fast relaxation process dominates, in agreement with previous reports [40, 51, 52] .
FIG. 1 (color). (a) PL spectra of suspended monolayer
The deconvoluted emission dynamics in Fig. 2(b) reveal a clear distinction between the fast and slow decay components.
We interpret the fast decay component in the TR-PL as corresponding to an initial nonthermalized regime. For our analysis, we consequently consider the longer-lived response. The longer decay dynamics reflect both the radiative lifetime and the nonradiative decay channels. To further reduce the influence of these decay channels, the thermalized emission intensity is extrapolated back to t ¼ 0, and I thermal ðt ¼ 0Þ is taken to be proportional to the thermalized bright exciton population before any significant decay has occurred. To convert the measured emission signal to a quantity proportional to the total exciton population in the bright state, we need to consider the temperature variation of the radiative relaxation rate. To conserve momentum, only excitons within the radiative light cone can contribute to light emission. In 2D systems, this leads to a radiative rate k rad varying inversely with temperature [49, 53] . (See the Supplemental Material [25] for additional discussion of the exciton distribution.) Therefore, the initial thermalized exciton population in the bright state scales as N X ∝ I thermal ðt ¼ 0Þk
We apply this method to extract the temperature variation of the exciton population in the bright state for three different monolayer WSe 2 samples, with varying doping levels, defect densities, and prepared as suspended and supported layers. The results are presented in Fig. 3(a) . (See the Supplemental Material [25] for a more detailed comparison.) Despite the different sample conditions, the variation with temperature is consistent: with decreasing temperature, the thermalized exciton population in the bright state decreases sharply. At temperatures below 80 K, excitons mostly recombine through the fast (hot) relaxation channel. There are extrinsic factors that might contribute to a reduction of the A exciton population, including the possible formation of trions and localized defect or trap states at lower temperature. The estimated densities of these species are, however, too low to account for the observed quenching of the neutral exciton population, as manifested in their almost identical trends of thermal population in various samples. A more quantitative approach is presented in the Supplemental Material [25] .
We first analyze the bright state population in a simple two-level model with a lower-lying dark state. In thermal equilibrium, the bright state population follows the Boltzman distribution:
with Δ representing the bright-dark energy splitting. From fitting Eq. (1) to the experimentally determined variation of N X with temperature, we obtain Δ ¼ 30 AE 5 meV, as shown in Fig. 3(a) . In our analysis, we have used the nominal sample temperature as representative of the exciton temperature defining occupancy of the states. This approach is justified by the fact that our TR-PL measurements exclude the initial nonthermal regime (see the Supplemental Material [25] for a discussion of the exciton temperature). From the lack of a shift in the PL emission peak with laser fluence and an estimation of the maximum single pulse heating, we deduce a temperature rise of less than 5 K (see the Supplemental Material [25] for estimation details) for laser induced sample heating. We also note that although intervalley dark excitons could recombine radiatively through a phonon-assisted process [54] , we see no evidence for the corresponding lower-energy emission feature. Significant emission at lower photon energies is present only at a sample temperature below 70 K, which we attribute to defect-related emission. This suggests that the phonon-assisted emission of the dark states is negligible under our experimental conditions. We now consider the physical origin of this dark state. We first examine the character of the relevant electronic bands in monolayer WSe 2 [20] [21] [22] [23] [24] . The direct optical transitions occur at the K=K 0 point of the Brillouin zone, where the valence band arises principally from the d x 2 −y 2 and d xy orbitals of metal atoms. The valence band exhibits strong spin orbit coupling and splits into two spin-polarized bands separated by hundreds of meV. In the corresponding simple theoretical picture, the conduction bands arise from the d z 2 orbitals of metal atoms and, to leading order, no spin splitting of the bands is expected. However, taking into account the role of the less strongly coupled chalcogen orbitals and of the higher-order couplings to other orbitals of the metal atoms, it is predicted that the conduction band will exhibit a spin splitting of tens of meV. The sign of this conduction band splitting varies among the different TMDC materials due to the competition between these two contributions. Specifically, for WX 2 (X ¼ S, Se), electrons in the lower conduction band are expected to have spin polarization opposite to those in the upper valence band; in contrast, for MoX 2 (X ¼ S, Se), electrons in the lower conduction band are expected to have spin polarization that matches that in the upper valence band [20] [21] [22] [23] [24] .
We now examine the energies of the different possible excitonic states, taking into account the spin and valley degrees of freedom at the K=K 0 points. Because of the large spin splitting in the valence band, for the A exciton emission, we need only to consider photoexcited holes as residing in the upper valence band. For the photoexcited electrons, however, there are four possible states (two valleys and two spins). We thus have a total of eight different species of excitons. Among them, there are two bright excitons-i.e., the singletlike intravalley excitons-and six dark excitonsi.e., the tripletlike intravalley excitons and all intervalley excitons. In our discussion, we first neglect e-h exchange interactions (a related modification will be discussed later). The energies of bright and dark excitons are then determined by the band splitting [55] . For WSe 2 , with the conduction band ordering described above, the tripletlike intravalley excitons and the singletlike intervalley excitons are degenerate and have the lowest energy, as depicted schematically in Fig. 3(b) . The tripletlike intervalley excitons have a higher energy, which is the same as that of the bright excitons. In thermal equilibrium, the fraction of the total exciton population in bright states is given by ½expð−Δ=k B TÞ= 2 expð−Δ=k B TÞ þ 2. This expression yields the same characteristic temperature variation as the simple two-level model introduced above and Δ ¼ 30 AE 5 meV. A correction to this treatment arises from the presence of charged excitons. We consider this factor in a more complete analysis in the Supplemental Material [25] , but, for the most heavily doped samples in our study, a similar level splitting of ∼28 meV is inferred.
With respect to the mechanism leading to equilibrium between these different states, we are concerned with the behavior on a time scale longer than ∼60 ps in our measurement. Bright states can relax to dark states by intervalley electron scattering or by spin flip of the electron. We expect that the spin-conserving intervalley scattering will be efficient in view of the availability of appropriate phonons for the process [56] and that thermal equilibrium will be established between these states on the time scale relevant for optical emission. Indeed, fast intervalley scattering (on a time scale of picoseconds) has been inferred from recent time-resolved spectroscopy measurements [57, 58] . In our measurements, the excitation conditions (linearly polarized light) do not favor one valley over the other. Within the single particle picture, the occupation of all four conduction bands will be governed by equilibrium populations based on rapid intervalley scattering by spin-conserving processes.
In our discussion above, we neglected the influence of e-h exchange interactions. These interactions would lead to a more complex spectrum of states. In particular, the longrange component of exchange interaction is expected to increase the energy of intravalley excitons with a singletlike configuration compared to that of tripletlike excitons [59] . This trend has been experimentally verified in III-V quantum well systems, in which both long-range and short-range components contribute [60, 61] . The exchange interaction would affect intervalley excitons in a similar way, but it is expected to be weaker [15] . Therefore, including the exchange interactions will not change the ordering of bright and dark excitons for WSe 2 , but the splitting will deviate from the spin splitting of the conduction band, and the energies of the intravalley and intervalley dark excitons will become nondegenerate. Within this picture, we should then interpret the inferred Δ as reflecting the conduction band splitting, modified by an averaged intra-and intervalley exchange interaction. For the case of monolayer MoS 2 , where the predicted conduction band splitting is only 2-3 meV and of opposite sign compared to exchange splitting, the role of exchange interactions may be more critical in defining the ordering of dark and bright states. The presence of the dark states identified in this Letter leads to a reduction in light emission for the complex of band-edge excitons. Population in the dark state must be thermally activated for radiative emission. At reduced temperatures, thermal activation from the dark state can be strongly suppressed. In this case, the lifetime of excitons in the dark state, in the absence of radiative decay channels, can become very long. This presents an opportunity to investigate new many-body effects, such as Bose-Einstein condensation, without the complication of rapid radiative channels [62, 63] .
